Using first-principles calculations, we investigate the electronic and vibrational properties of monolayer As and AsSb. While the pristine monolayers are semiconductors (direct band gap at the point), fluorination results in Dirac cones at the K points. Fluorinated monolayer As shows a band gap of 0.16 eV due to spin-orbit coupling, and fluorinated monolayer AsSb a larger band gap of 0.37 eV due to inversion symmetry breaking. Spin-orbit coupling induces spin splitting similar to monolayer MoS 2 . Phonon calculations confirm that both materials are dynamically stable. Calculations of the edge states of nanoribbons by the tight-binding method demonstrate that fluorinated monolayer As is topologically nontrivial in contrast to fluorinated monolayer AsSb.
I. INTRODUCTION
Two-dimensional materials have a multitude of exciting applications, such as ultimately thin transistors, and pave the way to new device concepts [1] . Since the discovery of graphene in 2004, progress in chemical vapor deposition and exfoliation techniques has led to various new materials, such as monolayer (ML) hexagonal boron nitride [2] , MoS 2 [3, 4] , WS 2 [5] , and silicene [6, 7] . Inspired by the special properties of graphene, both silicene and germanene have been under intense study for several years. Except for a buckling, the structure and electronic states of these two materials are similar to graphene, although the band gap is larger and tunable [8, 9] . However, the fabrication remains a major challenge despite many efforts [6, [10] [11] [12] . Recently, ML Sn, the next element in this group of the periodic table, and functionalized ML Sn have been predicted to be large-gap quantum spin Hall [13] and quantum anomalous Hall insulators [14] , respectively.
Attention to the neighboring group of the periodic table has been triggered mainly by black phosphorus, which can be used to fabricate thin-film field effect transistors with an excellent room temperature on/off ratio, current saturation (higher than in graphene), and field effect mobility (higher than in ML MoS 2 ) [15, 16] . Earlier, Bi thin films have shown a fascinating interplay of strong spin-orbit coupling and quantum confinement [17] , and the surface states have possible applications in spintronics [18, 19] . Being topologically nontrivial, Bi [20] [21] [22] and Sb [23] [24] [25] thin films are of interest ever since the rise of topological insulators, whereas As and AsSb have begun capturing attention only very recently [26] [27] [28] [29] . Having hexagonal layered structures similar to bulk Bi and Sb, it is believed that ML As and AsSb can be fabricated by mechanical and/or chemical methods due to a weak interlayer interaction. The spin-orbit coupling in the two compounds is stronger than in graphene or silicene, which might lead to a nontrivial ground state. Using first-principles calculations, we therefore investigate the electronic and vibrational properties of pristine and fluorinated ML As and AsSb. Phonon calculations are used to study the stability of the materials, and the edge states of nanoribbons are addressed by the tight-binding technique.
* Udo.Schwingenschlogl@kaust.edu.sa
II. COMPUTATIONAL DETAILS
For the structure relaxation and subsequent band structure calculations we use the Vienna Ab Initio Simulation Package (VASP) [30] . The generalized gradient approximation [PerdewBurke-Ernzerhof (PBE) flavor] is employed for the exchange correlation functional, the kinetic energy cutoff is set to 500 eV, and a 16 × 16 × 1 k mesh is adopted. Spin-orbit coupling is not included during the structure relaxation but is afterwards added in the band structure calculations. Vacuum layers of 18Å thickness are adopted to avoid interaction between the top and bottom surfaces in the slab models. The structure relaxation is stopped when the forces on all atoms have declined to less than 0.01 eV/Å. Phonon spectra are calculated for a 4 × 4 × 1 supercell by density functional perturbation theory using VASP and PHONOPY [31] .
III. RESULTS AND DISCUSSION
A side view of pristine ML As is shown in Fig. 1(a) . Every atom has three nearest neighbors, forming a pyramidal buckled structure. Figures 1(b) and 1(c) illustrate the structure after fluorination. The hexagonal two-dimensional Brillouin zone is shown in Fig. 1(d) . For pristine ML As we obtain for the lattice constant, bond angle, and buckling values 3.61Å, 91.97
• , and 1.40Å, respectively, while for pristine ML AsSb the corresponding values are 3.87Å, 91.47
• , and 1.52Å. The lattice constants of bulk As and AsSb amount to 3.75Å [32] and 4.03Å [33] , respectively, which implies that the buckling is enhanced from bulk to ML due to the absence of interlayer interaction. Fluorination flattens the structures of ML As and AsSb with lattice constants of 4.57Å and 4.86Å, respectively.
Band structures and densities of states are shown in Figs. 2(a)-2(d). Pristine ML As is an indirect band-gap semiconductor with the valence band maximum and conduction band minimum at the point and along the -M highsymmetry line, respectively. In the vicinity of the Fermi level the bands are mostly due to p states, with small admixtures of s states. Since bulk As is a semimetal, thin films will experience a transition of the band structure as a function of the number of atomic layers. The results for pristine ML AsSb are similar except for a splitting of the bands at low-symmetry k points (absence of inversion symmetry). Indirect band gaps of 1.47 and 1.27 eV are found for pristine ML As and AsSb, respectively, which agrees well with recent theoretical studies [26] [27] [28] [29] . More accurate (enhanced) values of the band gap are obtained by the HSE06 hybrid functional [see the red lines in Figs. 2(a), 2(c), 2(e), and 2(g)], amounting to 2.06 and 1.78 eV. We note that fluorinated ML As [Figs. 2(e) and 2(f)] shows Dirac cones at the K points with a band gap of 0.16 eV when the spin-orbit coupling is turned on (much larger than in silicene [8, 9] ). For fluorinated ML AsSb [Figs. 2(g) and 2(h)] also a gapped Dirac cone is found, however, even without spin-orbit coupling, as a consequence of the inversion symmetry breaking. The spin-orbit coupling results in an out-of-plane spin splitting in the vicinity of the K points, similar to ML MoS 2 . Comparison of the HSE06 and PBE calculations shows for fluorinated ML As and AsSb only slight changes in the size of the band gap, while the slope is enhanced for the hybrid functional. The densities of states of the fluorinated compounds demonstrate that the Dirac states are almost purely due to the As and Sb atoms. Figure 3(a) shows that applied strain tunes the size of the band gap. For fluorinated ML As we find a moderate enhancement, while for fluorinated ML AsSb the band gap decreases quickly under tensile strain. According to Fig. 3(b) , the spin splitting at the K valleys in fluorinated ML AsSb is larger for the conduction band edge than for the valence band edge, in strict contrast to ML MoS 2 , and grows slightly under tensile strain.
The phonon spectra in Fig. 4 show only minor negative frequencies for the fluorinated compounds, which are wellknown artifacts of the numerics. Therefore, all four materials under investigation are dynamically stable. For pristine ML As [ Fig. 4(a) ] two acoustic phonon modes correspond to inplane vibrations and one (with lower energy) to out-of-plane vibrations. We note that two optical modes are degenerate at the point, which correspond to in-plane antiphase displacements of the As atoms. Fluorinated ML As [ Fig. 4(c) ] shows two high-frequency optical phonon modes, which are due to inplane antiphase displacements of the F and As atoms with respect to each other. The behavior of ML AsSb is similar with slightly softened modes [Figs. 4(b) and 4(d)]. We also calculate the formation energy E f = (E total − n As E As − n Sb E Sb − n F E F )/(n As + n Sb + n F ), (1) where E total is the total energy of the compound, n As , n Sb , and n F are the numbers of As, Sb, and F atoms, and E As , E Sb , and E F are the chemical potentials obtained from ML As, ML Sb, and the F 2 molecule, respectively. We find formation energies of −1.19 and −1.26 eV for fluorinated ML As and AsSb, respectively.
We next investigate the bonding character of (fluorinated) ML As in Fig. 5 by charge density difference plots with respect to isolated As atoms. Figure 5 (a) shows a sp 3 hybridization reflecting the buckled structure. After fluorination we obtain sp 2 and p z orbitals instead (flat structure), which form σ and π bonds analogous to graphene. Thus, an effective Hamiltonian with spin-orbit coupling can be used to describe the material:
where v F , , λ 1/2 , τ ,σ x/y/z , andŝ z denote the Fermi velocity, energy gap due to inversion symmetry breaking, strength of the spin-orbit coupling, valley index, Pauli matrices for the two basis functions, and spin, respectively. The intrinsic Rashba spin-orbit coupling is omitted, since the fluorinated compounds have planar structures. By fitting H eff τ to our first-principles band structures we obtain v F = 7. fluorinated ML AsSb the band gap is already opened by the inequality of the two sublattices. The spin-orbit coupling just induces an additional spin splitting at the conduction and valence band edges, which is also found in other inversion symmetry broken systems with hexagonal lattices, such as ML MoS 2 . We notice that this splitting is not large enough to close the band gap, which implies that the system is a trivial semiconductor. Since the spin-up and -down bands are decoupled, the Z 2 index is identical to the spin Chern number C s modulo 2 [34] . From H eff τ , the spin Chern number can be calculated to be [1 − sgn( − λ 1 +λ 2 2 )]/2, which is 1 and 0 for fluorinated ML As and AsSb, respectively. To further confirm the topological properties, we calculate the band structures of zigzag nanoribbons by means of the tight-binding method based on maximally localized Wannier functions, generated by the WANNIER90 code [35] . For fluorinated ML As [ Fig. 6(a) ], nontrivial edge states are found inside the band gap with spin-up and -down channels propagating in opposite directions, whereas for fluorinated ML AsSb [ Fig. 6(b) ], the edge states inside the band gap are trivial, since there are two crossings with the Fermi level for each spin band.
In order to address possible disorder effects in ML AsSb, we employ the special quasirandom structure approach [36, 37] . Neglecting spin-orbit coupling in the calculations, we obtain band gaps of 0.021, 0.016, and 0.011 eV for system sizes (lattice constants) of 19.3, 24.1, and 33.8Å, respectively, which shows that the band gap converges to zero for increasing disorder. We can conclude that disorder weakens the effects of the inversion symmetry breaking characteristic for the ordered structure. As a consequence, growing disorder brings fluorinated ML AsSb gradually back to a topologically nontrivial state. 
IV. CONCLUSION
In conclusion, we have demonstrated that pristine ML As and AsSb are indirect band-gap semiconductors (1.47 and 1.27 eV, respectively). On the other hand, the fluorinated materials are direct band-gap semiconductors with Dirac cones at the K points. For fluorinated ML As the origin of the band gap is the spin-orbit coupling, while for fluorinated ML AsSb it is the inversion symmetry breaking. (The spin-orbit coupling induces only an additional spin splitting.) As a consequence, fluorinated ML As is topologically nontrivial in contrast to fluorinated ML AsSb, which is confirmed by the edge states obtained for nanoribbons. Phonon calculations indicate stability of all the materials under investigation. We have also studied functionalization with H and other halide atoms and find that the band structures are similar to those of the fluorinated compounds, but the structural stability is reduced. Fluorinated ML As appears to be an ideal replacement for silicene, because it does not suffer from the structural instability of this material while sharing all the relevant features of the electronic states.
